The Mt. Amiata volcano is the youngest and largest volcanic edifice in Tuscany (central-northern Italy) and is characterized by a geothermal field, exploited for the production of electrical energy. In the past Mt. Amiata was also known as a world-class Hg district whose mining activity was mainly distributed in the central-eastern part of this silicic volcanic complex, and particularly in the municipality of Abbadia San Salvatore. In the present work we report a geochemical survey on Hg 0 measurements related to the former mercury mine facilities prior the reclamation project. The Hg 0 measurements were carried out by car for long distance regional surveys, and on foot for local scale surveys by using two LUMEX (915þ and M) devices. This study presents the very first Hg 0 data obtained with this analytical technique in the Mt. Amiata area. The facilities related to the mining areas and structures where cinnabar was converted to metallic Hg are characterized by high Hg values (4 50,000 ng m À 3 ), although the urban center of Abbadia San Salvatore, few hundred meters away, does not appear to be receiving significant pollution from the calcine area and former industrial edifices, all the recorded values being below the values recommended by the issuing Tuscany Region authorities (300 ng m À 3 ) and in some cases approaching the Hg background levels (3-5 ng m À 3 ) for the Mt. Amiata area.
Introduction
The Mt. Amiata (1770 m a.s.l.) linear silicic complex, consisting of mafic enclaves-bearing dacitic, rhyodacitic and olivine-latitic rocks, is located in Central Italy ( Fig. 1 ) and forms the most recent and the largest volcanic apparatus of the Tuscan Magmatic Province (e.g. Conticelli et al., 2004) . It was formed between 300 and 190 ka (Ferrari et al., 1996) . This volcanic activity is likely related to the emplacement of a magmatic body in the Pliocene (e.g. Acocella, 2000 and references therein). The high heat flow in the area is due to a magmatic body located about 6-7 km below sea level and not completely cooled down that has produced a negative Bouguer anomaly and an uplift of about 1000 m of the surrounding Neogene sediments (Sestini, 1932; Gianelli et al., 1988) . Two bi-phasic geothermal reservoirs are located in the carbonate-evaporite formations (200-230 1C) at the depth of 500-1000 m and in the metamorphic basal complex (up to 350 1C) at depth 43000 m. At Piancastagnaio (Fig. 1) and Bagnore (SW of Mt. Amiata) these geothermal systems are exploited for the production of electrical energy by ENEL (National Energy for Electric Energy). At surface, the hydrothermal circulation is presently expressed by the many thermal Ca-SO 4 waters and CO 2 (H 2 S)-rich gas discharges that mainly discharge in the northeastern and south-western sectors of Mt. Amiata (Minissale et al., 1997; Frondini et al., 2009; Tassi et al., 2009 ) and represent an attraction for researchers and tourists (Vaselli et al., 2011) .
Another peculiarity of this area is the Hg-Sb metallogeny similar to that characterizing the whole Tuscany Region. According to Tanelli (1983) , Dini et al. (2001 Dini et al. ( , 2005 and Regoli and Berni (2001) , the genesis of these ore deposits is related to a complex process of mobilization of Sb and Hg from Paleozoic phyllites in the Late Oligocene-Early Miocene, whilst in the PliocenePleistocene, antimony and mercury suffered a second mobilization that has produced in the Mt. Amiata the world-class epithermal deposits. This mobilization/deposition process is still active (Morteani et al., 2010) . The ore-bearing fluids likely percolated through faults planes that acted as structural conduits. These normal fault zones functioned as connectors of two Pleistocene-Holocene left-lateral transtensional shear zones (Brogi et al., 2011) .
Mercury in the Mt. Amiata mining district occurs as cinnabar (HgS) and was exploited since the Etruscan times (e.g. Strappa, 1977; Ristori, 1994, Ferrara et al., 1991) . However, it is in the second half of 1800 that the production of mercury abruptly increased and in 1925 more of the 50% of mercury worldwide was provided by the Mt. Amiata mining area (Cipriani and Tanelli, 1983) and about 70% of it was from the Abbadia San Salvatore district. Ferrara et al. (1998) reports that from 1860 to 1980, when all Hg mines were definitively closed, more than 100,000 t of Hg were produced in the Mt. Amiata mining district and it was classified as the 4th largest producing district in the world (Rimondi et al., 2012 and references within) .
Areas in active and inactive mining extraction of Hg significantly contribute to the dispersion of this toxic element in the environment. The extraction of liquid mercury from cinnabar is generally carried out in retort or rotary furnaces where the reaction with O 2 produces sulfur dioxide, as follows:
At temperatures higher than 350 1C, mercury tends to vaporize and then it is condensed into its natural liquid state at room temperature. A further distillation at slightly higher temperatures favors the removal of the eventual remaining impurities. As a consequence, Hg mining areas may affect the territory where the extraction, preparation, heating and condensation processes are occurring, enhancing environmental concerns. Pollution can be derived by mine-waste calcines, usually containing high contents of Hg ( 41000 mg kg À 1 ; Gosar et al., 1997; Rytuba, 2000; Rytuba et al., 2001; Gray et al., 2002 Gray et al., , 2004 Gray, 2003; Loredo et al., 2003; Zhang et al., 2004; Navarro et al., 2009 ) and related to unconverted cinnabar and formation of metacinnabar, HgO and other Hg salts (e.g. Kim et al., 2003; Gray et al., 2010 and references within) that interact with meteoric waters. Consequently, stream sediments and running waters from mercury mining systems are usually affected by significantly high Hg concentrations (e.g. Hines et al., 2000; Gray et al., 2002; Gray, 2003; Higueras et al., 2006, in press; Qiu et al., 2009 , Rimondi et al., 2012 . In these sites inorganic mercury can be converted to methyl-Hg (Boening, 2000) : the toxic form of mercury to the living organisms. Aquatic biota has the capability to bioconcentrate methyl-Hg up to 10 4 to 10 7 times (Stein et al., 1996) . It is also important to consider that time and soil inactivity may lead drastic reduction of Hg emissions (Higueras et al., 2012) . The Total Gaseous Mercury (TGM) is represented by the sum of anthropogenic and natural Hg emissions and related to elemental gaseous mercury (GEM) and gaseous oxidized mercury (GOM), while the solid component is named particulate bounded mercury (PBM) (e.g. Fu et al., 2012) . GEM is the most abundant form of Hg in the atmosphere ( 495%), GOM and PBM being promptly deposited, due to its elevated stability and volatility and low solubility with a residence time of about 0.5-2 years (Schroeder and Munthe, 1998; Lindberg et al., 2007) . In active and abandoned mining areas, GEM may achieve high concentrations, being derived by: (i) contaminated terrains (e.g. Kocman et al., 2011) , (ii) metallurgic processes (e.g. Wilson et al., 2006) ; (iii) abandoned mine structures and complexes (e.g. Grönlund et al., 2005) and (iv) remnants of the industrial production of Hg (e.g. Hylander and Meili, 2003) .
In Abbadia San Salvatore the mining activity was developed in a surface of about 65 ha and includes about 90 edifices and mining structures. A reclamation project was submitted to the Tuscany Region authorities and the very first actions, mainly related to the removal of old asbestos-bearing roofs, have started in 2011. However, the Hg-polluted areas are still to be cleaned.
It is a matter of fact that the Mt. Amiata area is characterized by an anomalous concentration of gaseous mercury due to the presence of ore mineralizations, former mining areas and geothermal plants. Many are the investigations carried out in different matrices such fishes (e.g. Bacci and Renzoni, 1973; Ferrara et al., 1991; Rimondi et al., 2012) , plants (e.g. Ferrara et al., 1991; Bacci et al., 1994; Loppi, 2001; Loppi and Bonini, 2000) , soils (e.g. Ferrara et al., 1991; ; stream sediments (e.g. Rimondi et al., 2012 and references therein) and waters (e.g. Ferrara et al., 1991; Rimondi et al., 2012) . However, Hg data in the atmosphere surrounding the Mt. Amiata areas are relatively scanty and mainly related to the presence of As and Hg released from the geothermal plants that are located south of Abbadia San Salvatore (e.g. Ferrara et al., 1998 and references therein) .
In this paper we present new original data on atmospheric mercury in the former Hg mining (outdoor and indoor) area of Abbadia San Salvatore and surrounding (urban and woodland) zones, including some sites where thermal water and gas discharges occur. The main goals were those to: (i) up-to-date and widen the atmospheric Hg data provided by Ferrara et al. (1998) by using for the first time in this area portable gaseous Hg analyzers for continuous mode measurements and (ii) provide contour maps in the Abbadia San Salvatore urban and mining areas that may be used prior the reclamation project.
The former Mercury mining area
The town of Abbadia San Salvatore was the most important site of exploitation of cinnabar and production of Hg in the whole Mt. Amiata Hg district. It is located in the eastern flank of the volcano. The exploited ore had a content of 0.6 to 2.0 wt% of Hg and was extracted up to the depth of 400 m. Liquid mercury was produced after the ore mineral was dried, crushed and roasted at 650-700 1C from which it was condensed and then bottled. The roasting process was carried out with shaft Spirek and CermakSpirek furnaces, later replaced by tower furnaces connected to Cermak condensers and rotating furnaces (Gould and Pacific and Nesa). Part of Hg was also used for pigments and bottling and pigment production were carried out indoor (e.g. Bellander et al., 1998) .
After the closure of the Hg mining activity, in the nineties the owner of the mining concession (E.N.I.: National Agency for Hydrocarbons, AGIP Division) produced a series of documentation for the reclamation of the Hg extraction and processing areas. In 2008, an agreement between E.N.I. and the municipality of Abbadia San Salvatore was signed in order to transfer the ownership of the reclamation to the public agency. One of the main aims of the agreement is that to address the remediation to an environmentally rehabilitation of the mining areas and buildings for museum purposes and public green. However, the cessation of the mining activities, which occurred without a scheduled basis, has left the decontamination issue open. Beside the mounds of mine tailings and calcines, mostly located at Le Lame ( Fig. 1) , there are mining structures around which more or less important quantities of metallic mercury have remained and are still to be eliminated.
In March 1995 the authorities of the Tuscany Region issued a regulation for the recovery of those areas characterized by mining and/or metallurgical processing. The Italian legislation, including the Legislative Decree 152/2006, did not repeal the regional laws, which were further developed and updated in the subsequent years, i.e. 1998, 1999 and 2004 . In particular, regional decrees state that the concentration of mercury above contaminated soils has to be o300 ng m À 3 . It is worthwhile to mention that the Regional Decree no. 1447 (23rd of November, 1998) assesses that at the end of the remediation in any outdoor and indoor sites a concentration of Hg 0 o300 (at 20 1C and at 100 cm above the ground) and o500 (at 20 1C and at 150 cm above the ground) ng m À 3 , respectively, should not be exceeded. In this respect, periodical measurements of GEM are necessary to proceed with the remediation since if the concentration limits are not overcome in some edifices and/or areas, no interventions are to be adopted, thus, allowing the financial resources to be allocated for the restoration of the most critical situations such as those expected in the edifices containing the furnaces and condensers.
Sampling sites and analytical methods
As previously stated, GEM measurements were carried out in May 2011 and were mainly concentrated in the Abbadia San Salvatore mining site and in the hydrothermal area of Bagni San Filippo (Fig. 1) due to the the conspicuous presence of thermal springs and dry gas vents (Frondini et al., 2009; Tassi et al., 2009 ). In the former site, an atmospheric Hg survey was also carried out inside the main edifices including the previous headquarters, dressing rooms, mechanical and electrical rooms, drying rooms, furnace buildings and other shelters and facilities. For comparison, Hg 0 measurements were also conducted in two other mining areas (Siele and Morone) of Mt. Amiata that are located in the southern part of the volcanic edifice (Fig. 1) .
Since the anomalous concentrations of mercury are not expected to be located only where the ''quicksilver'' was cultivated, transects along adjacent and external areas of the former mining zone were performed. Similarly, in order to verify whether gaseous mercury was reaching the town of Abbadia San Salvatore, located just few tens of meters south of the mining site, records of atmospheric mercury were also carried out in the urban area. Finally, GEM was also determined by car for long distance Hg 0 surveys from Abbadia San Salvatore to Bagni San Filippo and to the old mining area of Morone (Fig. 1) passing close of the geothermal plant of Piancastagnaio, respectively.
Measurements of elemental mercury in air were performed using two portable Lumex (915þ and M) analyzers for continuous GEM measurements. Analyzer operation is based on differential atomic absorption spectrometry using high-frequency modulation of light polarization (ZAAS-HFM) (Sholupov et al., 2004) . The detection limit of the instrument for ambient air, industrial and natural gases is 2 ng m À 3 at a flow rate through the instrument of 20 L min
. The accuracy of the method is 20% (Sholupov and Ganeyev, 1995) . Application of Zeeman background correction and a multipath analytical cell provide high selectivity and sensitivity of measurements. The instrument allows determination of Hg in air directly with an ultra low detection limit in real time. This detection limit is governed by shot noise and equals CaDL¼2 ng m À 3 (average measuring time¼5 s) and CaDL¼ 0.3 ng m ). The real time measurements were made with visualization of the process on a digital display. On-line data recording was made by connecting the instrument to a lap-top computer. The whole process was completed in the field with geographic location of single data using a GPS. The statistical treatment of data was made using MINITAB 15.0, whereas the spatial distribution was plotted via SURFER 9.0.
At field scale the LUMEX-based measurement surveys were carried out in three different ways:
-Express surveys. Performed by using an automobile, with GPS control for each analysis position. The areas to cover were previously planned and all the local roads and tracks to cover the whole area with discrete sections were used during the surveys; -Area network surveys. Consistent of measurements in a predetermined array of sites close to one of the described source areas, repeated at variable time intervals; -Fixed point surveys. The device was located in a point of interest (close to the Nesa furnaces) for a predetermined time span, recording variations each 30 s.
Meteorological data were collected by using a fully automatic Davis Vantage Vue station. In Table 1 , temperature, wind direction and speed are reported. No abrupt variations in the climatic conditions were measured during the recordings, temperature and wind speed varying between 14.3 and 18.3 1C and 1.2 and 3.6 m s À 1 , respectively. The prevailing winds were W and WNW oriented and no rainy episodes occurred.
Results
During the survey 35,598 measurements of atmospheric mercury were produced. The results are summarized in the logarithmic histogram of Fig. 2 , while in Table 2 some statistical parameters, divided according to the different studied areas (Fig. 1) of the mining area where highly variable concentrations were observed. In Fig. 3 ), where cinnabar specimens and liquid mercury are stored, and 2 buildings are between 1000 and 2000 ng m À 3 and 2000 and 5000 ng m À 3 , respectively. Eventually, the buildings containing the furnaces and the condensers had values that were comprised between 5000 and 10,000 ng m À 3 and 410,000 ng m À 3 . Such high concentrations are likely related to the presence of cinnabar-bearing rocks and liquid Hg still dropping from the old condenser devices.
On May 11, 2011, one of the portable instrumentations was left recording Hg concentrations in continuous for about 5.5 h (from 9.18 to 14.38 local time, þ2 h with respect to GMT) inside the reclamation area close to the Nesa furnaces, i.e. where ore material was roasted (Fig. 4) . Arithmetic and geometric average concentrations were of 2710 and 1470 ng m À 3 , respectively, although the highest recorded value was of 29,841 ng m À 3 . As indicated by the mobile average of Hg, corresponding to 30 s, an enhancement of Hg concentrations as the solar radiation increases was observed, due to the volatility of Hg that increases with temperature, whereas a certain periodicity for the measured values can be attributed to wind oscillations.
Discussion and conclusions
The very first reliable data of Hg levels in the atmosphere of Mt. Amiata are by Ferrara et al. (1982 Ferrara et al. ( , 1991 and Breder et al. (1983) . More recently, Breder and Flucht (1984) , Edner et al. (1993) , Ferrara et al. (1998) and Bacci et al. (2000) have provided atmospheric Hg data close to both the geothermal plants and the mining areas of Abbadia San Salvatore, Siele and Morone. According to their data, obtained by sucking air on gold traps at a constant flow rate (0.5-1 L min À 1 ) after which the amalgamated Hg was electrothermally desorbed and determined by AAS (Atomic Absorption Spectrophotometry) (e.g. Edner et al., 1993; Ferrara et al., 1998) , the Hg concentrations in Abbadia San Salvatore area were recorded to be up to 1500 ng m À 3 above the roasted cinnabar banks located at Le Lame, north of the mining area of Abbadia San Salvatore (Fig. 1) . Furthermore, Ferrara et al. (1991) reported that in the Mt. Amiata region Hg 0 ranged from 10 to 500 ng m À 3 with the highest values recorded close to the ventilation system in the Abbadia San Salvatore mining area.
The application of a time-saving instrumentation such as the ZAAS-HFM is able to produce reliable data, highly comparable with those produced by CVAFAS (Cold Vapor Atomic Fluorescence Spectrometry), e.g. Kim et al. (2006) ; Aiuppa et al. (2007) , allowing to investigate outdoor and indoor areas by acquiring a large number of concentrations that can statistically be treated, thus providing a substantial improvement with respect to the previous studies. The new data presented in the this work provide a better detail of the distribution of the gaseous mercury in the mining area of Abbadia San Salvatore, although limited to a defined period of time (May 2011) and highlight that the atmospheric mercury concentrations, particularly in those buildings still containing cinnabar and/or liquid Hg, are much higher than those previously recorded (up to 450,000 ng m À 3 ) and that most of buildings have concentrations that abundantly overcome the limit values recommended by the local regulations in terms of outdoor (up to 300 ng m À 3 and indoor (up to 500 ng m À 3 )) Hg levels (Fig. 3) . The differences in the Hg 0 concentrations between Ferrara et al. (1991 Ferrara et al. ( , 1998 and our data are likely due to the fact that the former were obtained in the proximity of the mining areas of Abbadia San Salvatore, whereas in the present work we had the access to enter the mine structures and edifices. In 2008 the ownership of the reclamation was indeed transferred to the According to Ferrara et al. (1998) , mercury background values for Mt. Amiata can be referred to 3-5 ng m À 3 ; however, these values are only partially achieved in the studied area as shown by the express surveys such as those carried out between Abbadia San Salvatore and Bagni San Filippo (Fig. 5) and between Abbadia San Salvatore and Morone mine (Fig. 6) . In the former case, the background values are rarely maintained since Hg concentrations are between 10 and 68 ng m À 3 . As previously mentioned, in the Bagni San Filippo area CO 2 -rich dry gas vents, thermal water discharges, fossil and active travertine deposits and a thermal spa are present. It is highly likely that the significant increase of mercury as the village of Bagni San Filippo was approached can be referred to the presence of such thermal manifestations. After the village, mercury contents tend to slightly decrease and once again an increment is observed as we entered in the area where the largest gas emissions (Tassi et al., 2009 ) are encountered. To the best of our knowledge, no direct measurements in the gas discharges from this area are available but it can be speculated that the source of GEM can be related to these manifestations, also taking into account that nearby a Hg mine (the Pietrineri mine) was active until the seventies and, presently, the main entrance is cemented and two tubes (about one inch each in diameter) were inserted to favor the discharge into the air of the CO 2 -H 2 S-rich gas phase filling the mine (Vaselli et al., 2006) .
The Abbadia San Salvatore-Morone express survey has shown a different pattern with respect to that of Abbadia San SalvatoreBagni San Filippo. The concentrations of atmospheric Hg are indeed in the same order of magnitude of the background values of Mt. Amiata, mainly being o10 ng m À 3 . Occasionally, slight increase in mercury (ca. 150 ng m À 3 ) was observed around Piancastagnaio, possibly due to the discharging fumes from the local geothermal plant, which is considered responsible of Hg pollution of the area since concentrations up to 1000 ng m À 3 were found at a height of 20-30 m from the ground (Ferrara et al., 1998) . Eventually, values between 5 and 15 ng m À 3 were also recorded approaching the Morone mining areas. Here, Hg 0 concentrations up to 400 ng m À 3 were achieved (Fig. 6) . A different and more complex picture is obtained by considering the contour map of atmospheric mercury (in ng m À 3 ) in the former mining block, including the urban area of Abbadia San Salvatore (Fig. 7) . This picture improves and better characterizes the previous maps published by Ferrara et al. (1998) . In particular, Abbadia San Salvatore does not appear to be substantially affected by the edifices containing the furnaces and the condenser were measured. On the opposite side with respect to the mining zone a sort of Hg plume can be observed and centered in the Hgrich premises (Fig. 7) , with values 41000 in ng m À 3 , which tend to waning below the recommended limits (300 in ng m À 3 ) for open air areas in about 500 m.
Gaseous mercury concentrations in the Mt. Amiata mining area are similar to those observed in other mercury districts, such as Almadé n (Spain) (e.g. Higueras et al., 2006) and Idrija (Slovenia) (e.g. Kocman et al., 2011) . High Hg 0 values are observed in the close proximity of the former mining facilities, whilst they tend to decrease quite abruptly from the source areas. Healthy concerns can perhaps only be related to those people living close to the perimeter of the mining district although detailed epidemiologic studies, similar to those carried out by Bellander et al. (1998) on the workers involved in the smelting process at Abbadia San Salvatore, should be performed before any alarming echoes. In our study, Hg 0 values above the Tuscany regulations (300 ng m À 3 ) were indeed only found in the mining facilities, whereas in the urban area GEM is below the maximum recommended level for chronic exposition.
Most importantly, it is the fact that the reclamation project in the mining area of Abbadia San Salvatore is about to be commenced. This will imply that for each step, including removal of the furniture, instrumentations, machineries, inert material and restoration or destructions of the edifices, a monitoring program on the quality of air has to be planned. In this respect, the application of the ZAAS-HFM technique can also be used to identify Hg 0 -emitters located in the rooms and warehouses of the different buildings. Both continuous measurements of atmospheric mercury and particulate in order to avoid the dispersion of pollutants to the nearby Abbadia San Salvatore are to be taken into accounts to avoid or minimize any risks deriving from the dispersion of the GEM and PBM.
